Objectives: This study measured the impact of auditory spectral resolution on listening effort. Systematic degradation in spectral resolution was hypothesized to elicit corresponding systematic increases in pupil dilation, consistent with the notion of pupil dilation as a marker of cognitive load.
INTRODUCTION
Listening effort is a component of auditory perception involving cognitive processing or cognitive load. People with hearing impairment (HI) routinely report that they experience elevated listening effort and demonstrate increased effort associated with speech perception (Kramer et al. 1997) . Numerous studies suggest a connection between elevated effort and negative psychosocial consequences (Edwards 2007) , including greater need for recovery after work (Nachtegaal et al. 2009 ), increased incidence of stress-related sick leave (Kramer et al. 2006) , increased unemployment among young adults (Parving & Christensen 1993; Järvelin et al. 1997) , and early retirement (Danermark & Gellerstedt 2004) . Additionally, people with HI experience higher degrees of social isolation (Demorest & Erdman 1987; Grimby & Ringdahl 2000) . While increased listening effort alone cannot account for all of these problems, these findings have helped to contribute to an increased awareness of this problem. There is a pressing need to quantify aspects of hearing loss that are not reflected by speech audiometry alone.
Spectral resolution is the ability of a listener to perceptually resolve sounds of different frequencies. This ability underlies the capacity to distinguish acoustically similar consonant pairs such as /b/-/d/ and /t/-/k/, which are notoriously difficult for people with HI and people with cochlear implants (CIs) (Dubno et al. 1982; Munson et al. 2003) . Spectral resolution is known to be particularly poor in CIs (Nelson et al. 1995; Boëx et al. 2003 , Henry et al. 2005 Won et al. 2007; Jones et al. 2013) . Toward the goal of better understanding the challenges of cochlear implantation, the present work was designed to explore the relationship between spectral resolution and listening effort.
Virtually all of the published works on listening effort and HI have been conducted with people who do not use CIs. Unimplanted individuals with HI are likely to have poorer spectral resolution than their normal-hearing (NH) counterparts (Glasberg & Moore 1986) but are still likely to have better spectral resolution than CI users (c.f., Henry et al. 2005) . It is therefore expected that spectral resolution-related difficulties encountered by people with HI could be magnified for people who use CIs.
Numerous studies in recent years have applied dual-task paradigms to study the listening effort in the context of communication disorders. For example, a primary task measuring speech perception is assumed to occupy a certain amount of cognitive load, while a secondary task is completed using the remaining capacity (Kahneman 1973) . Increases in the cognitive load demanded by the primary task are observed as decrements in performance in the secondary task. There are numerous interpretations of how cognitive resources are allocated (i.e., whether both tasks draw from the same available load or work somewhat in parallel). Nonetheless, there is generally sufficient literature to support the notion that dual-task experiments are a reliable metric for cognitive load.
With regard to speech perception, dual-task experiments have shown that, among other things, binaural listening is easier than monaural listening (Feuerstein 1992) , hearing loss interferes with visual memory (Rakerd et al. 1996) , and the presence of masking noise demands extra effort that is not alleviated by the availability of visual cues (Picou et al. 2011) . Sarampalis et al. (2009) suggested that listening effort can be dissociated from speech intelligibility performance, as is sometimes anecdotally observed in the audiology clinic. For example, it is often the case that patients exhibit stress and fatigue when engaged in word recognition testing, yet their responses might still be correct. Sarampalis et al. showed that for listeners with NH in poor signal-to-noise ratio conditions, digital noise reduction resulted in no measured benefit in terms of speech perception e154 WINN ET AL. / EAR & HEARING, VOL. 36, NO. 4, performance but did result in better performance on word-memory tasks and also resulted in shorter reaction times for processing of visual stimuli presented concurrently with the speech. Such results suggest that benefits of changes in signal processing might emerge in ways other than intelligibility scores.
Spectral degradation is an ideal aspect of speech signals to explore with measures of listening effort because the signal quality can be reduced without necessarily resulting in poor intelligibility (Shannon et al. 1995) . Pals et al. (2013) investigated the impact of spectral resolution on listening effort by using NH listeners who heard vocoded speech with a variable number of spectral channels. Pals et al. characterized the vocoded speech as "CI simulations," determined by the historical match in performance between NH listeners presented with 8-channel vocoded speech and successful CI listeners (Friesen et al. 2001) . To measure effort, they used a dual-task paradigm where listeners heard speech while completing a visual mental-rotation task or a rhyme-judgment task. Response time (RT) measurements for both tasks were used as measures of the effort exerted by subjects when listening to degraded speech. A systematic decline (improvement) in RT was observed as the number of channels was increased from 2 to 8 channels in 2-channel steps, suggesting that signals with better resolution required less effort to be understood. In that study, a plateau in intelligibility was observed at 6 channels, implying that the reduction in effort from 6 to 8 channels was captured by RT but not by intelligibility scores. No RT decrease was observed for signals with more than 8 channels (consistent with the commonly observed pattern described by Friesen et al. 2001 ). These results suggest that spectral resolution has an impact on listening effort but leave open the possibility that effort continues to shrink as resolution is improved beyond 8 channels or beyond the plateau in intelligibility. Those possibilities are explored in the present study.
Another reliable index of cognitive load is pupillometry or the measurement of pupil dilation. This technique has been used in a variety of listening tasks to gauge how listening effort is affected by sentence intelligibility (Zekveld et al. 2010) , different masker types (Koelewijn et al. 2012) , HI (Kramer et al. 1997; Zekveld et al. 2011) , and cognitive function (Zekveld et al. 2011) . More generally, the pupillary response has also been associated with measures of memory load (Kahneman & Beatty 1966) , selective attention (Hillyard et al. 1973) , motivation (Kahneman et al. 1968) , and linguistic coherence of stimuli (Schluroff 1983) . In each of these domains, the pupillary response corresponds to an intuitive understanding of changing cognitive demands (e.g., increased pupil dilation for a longer string of digits to be memorized, compared to a shorter string). Pupil dilation occurs in response to changes in attended stimuli and can be absent when changes occur in unattended stimuli (Hillyard et al. 1973 ). Pupil dilation is also increased when subjects exert greater effort to solve arithmetic problems (Polt 1970) . Finally, pupillometry is a sensitive tool that can be used to measure differences across and within individuals (Beatty 1982) , implying that changes in signal quality for individuals could potentially result in differences in pupil dilation within the same experiment.
The pupillary response is affected by numerous influences apart from cognitive load, including the pupillary light reflex, and other responses related to various states of arousal (consistent with sympathetic nervous system innervation). To exploit pupillometry as a window into listening effort, these ongoing influences on pupil diameter need to be rigorously controlled, and stimulus-time-locked averages are used, just as for evokedpotential methods such as EEG. As Beatty (1982) remarked, "A task-evoked pupillary response bears the same relation to the pupillary record from which it is derived as does an event-related brain potential to spontaneous electroencephalographic activity."
This motivation of the present study was similar to that of the study by Pals et al. (2013) , but with a number of important differences. First, listening effort in the present study was measured via pupil dilation rather than by a secondary task; in this study, there was no task except for speech perception/sentence repetition. Second, time-series (growth curve) analyses were used to model pupil dilation over time, which is distinctly different from the analysis of mean pupil dilation in most pupillometry studies. Finally, while a conventional channel vocoder is used to vary spectral resolution according to the number of carrier channels, a second experiment used a separate vocoder that more closely replicates the front-end processing of modern CIs, where resolution is controlled not by the number of channels, but instead via channel carrier bandwidth, to explicitly investigate the role of current spread as a major contributor to spectral resolution in CI listeners.
EXPERIMENT 1
In the first experiment, pupillary responses were measured in response to speech processed using the conventional channel vocoder, where spectral resolution was altered by changing the number of spectral channels. The experiment was conducted with approval from the Institutional Review Board at the University of Wisconsin-Madison.
MATERIALS AND METHODS

Participants
Twenty young adults (age range, 18-33 years) with NH participated. A majority of participants were recruited from undergraduate courses in the Communication Sciences and Disorders department at the University of Wisconsin-Madison; most participants were students who were eligible for undergraduate course credit for participation. All listeners were native speakers of American English, and listeners with fluency in any other language were excluded from the analysis. Nearly all the listeners were naive to vocoded speech.
Stimuli and Processing
Stimuli were taken from the Institute of Electrical and Electronics Engineers (IEEE)/Harvard sentence corpus (IEEE 1969) , which consists of lists of sentences with five keywords each. The first 40 (out of 72) 10-sentence lists were used. All were digitized original recordings from the IEEE, spoken by a male talker. Sentence duration ranged from roughly 2 to 4 sec, with an average duration of 2.78 sec. These sentences are generally regarded as relatively easy, with most containing clear semantic coherence (e.g., "Steam hissed from the broken valve").
Sentences were vocoded using a conventional method (c.f., Shannon et al. 1995; Xu et al. 2005) , whereby the spectrum was divided into a variable number of frequency bands that occupied equivalent cochlea space (determined according to the function from Greenwood 1990) between 150 and 8000 Hz.
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The amplitude envelope of each band was extracted using halfwave rectification and a 300-Hz low-pass filter. The envelope was used to modulate a band of noise whose bandwidth was equivalent to the corresponding analysis filter. Essentially, the fine spectral structure is replaced by noise, and the temporal envelope is mostly preserved. Various studies (e.g., Friesen et al. 2001; Xu et al. 2005) have shown that speech intelligibility improves with increasing number of vocoder channels. Stimuli were either unprocessed/normal or vocoded with 32, 16, 8, or 4 channels using the AngelSim software (Fu 2013) . These parameters have been shown to elicit a moderate range of intelligibility (c.f., Shannon et al. 2004 ) and comprise a reasonably wide range of perceived difficulty.
Procedure
Participants were seated in a quiet, dimly-lit room with low reverberation, inside a large research suite, at a distance of 60 cm from a Tobii T60 XL distal eye-tracker whose monitor filled most of the visual field. Consistent with Chapman et al. (1999) and Zekveld et al. (2010) , the luminance of the visual field was controlled to avoid the floor and ceiling of the range of pupil size, which is affected relatively more strongly by the light reflex than by cognitive load. For each participant, the color of the computer screen was adjusted from black to white in successive shades of gray to elicit the range of pupil sizes attributable to the light reflex. The luminance required to elicit an intermediate pupil size (midway between the minimum and maximum measured sizes) was calculated, and the corresponding shade of gray used as screen background color for the rest of the experiment. Typically, screen color was adjusted to a level between {75, 75, 75} and {130, 130, 130} in the red/green/blue color mode.
Audio signals were presented using the Tobii T60 XL freefield loudspeakers. Calibration to 65 dB was performed using a 1-kHz tone matched to the intensity of the speech stimuli. Trials consisted of an auditory stimulus (a sentence), during which a red cross appeared on the screen. The color of the cross changed from red to green (controlled for equal luminance) 1.5 s after the conclusion of the sentence to signal that the participant should repeat back the sentence. Although there was no explicit test for colorblindness, all participants demonstrated the ability to reliably respond to the color change. Participants were encouraged to guess at sentences that they did not completely recognize.
Following each sentence, the participant verbally gave their response, and the experimenter tracked incorrect words. The response and scoring took roughly 4 to 8 sec, depending on the speed of response and scoring. Following the coding, the trial was advanced following a 2-sec delay. Baseline pupil dilation data were collected over the following 2 sec. Following the baseline period, there was a variable amount of silence because stimuli were offset aligned within a 5-sec window (i.e., 4-sec stimuli were preceded by 1 sec of extra silence, and 3-sec stimuli were preceded by 2 sec of extra silence).
Before testing, each subject participated in a brief practice session consisting of 15 trials, which included samples from each vocoder condition. The practice session procedure (including on-screen response prompt cues) was exactly the same as that for the test session, except that the stimulus was presented in written form after the participant guessed the sentence. Following the practice session, each participant completed 60 trials: 12 trials at each level of spectral resolution (the four vocoder conditions, and natural unprocessed speech). The trials were consecutive tokens from the IEEE sentence corpus that were organized into 10 blocks of six sentences; blocks were organized by spectral resolution, and the ordering of conditions was randomized. Six different groups of sentences were randomly assigned to participants so that a wide range of the corpus was used.
Analysis
Average pupil diameter was calculated for the first 2 sec of each trial; diameter for the remainder of the trial was subtracted from that baseline level to obtain a measure of relative pupil dilation. Pupil diameter tracings were "de-blinked" by detecting short (<300 msec) gaps of missing values, interpolating between diameter measurements 100 msec before the blink and 166 msec after the blink. The "gap" was expanded to account for brief underestimations of pupil diameter caused by the eyelids obscuring the pupil, consistent with techniques used by Siegle et al. (2008) and Zekveld et al. (2010) . Values were smoothed using a symmetrical 17-sample running average to remove high-frequency artifacts.
Consistent with the analyses by Zekveld et al. (2010 Zekveld et al. ( , 2011 and Koelewijn et al. (2012) , mean and maximum pupil dilation was also analyzed during a brief time window centered on the pause between stimulus offset and the prompt to repeat the sentence. This time window is thought to be used by listeners for rehearsal/planning of the response and typically contains a local maximum in the pupillary response (Zekveld et al. 2010) .
Pupillometry data in listening effort experiments have historically been analyzed using mean and maximum pupil dilation within a discrete window proximal to response prompt; limitations of this approach have been explained in some recent articles (c.f., Barr 2008; Mirman et al. 2008; Kuchinsky et al. 2013; Mirman 2014) . For example, the binning of pupil dilation within a single time window eliminates the exquisite granularity offered by the data and discards any change over time. Reducing the densely sampled data series into a single number potentially diminishes the statistical power by ignoring changes in dilation curve morphology that do not result in changes in mean or maximum dilation. Furthermore, inclusion of multiple samples in a single time bin violates the assumption of independent samples, as timepoint [t] is related to timepoint [t-1], [t-2], etc. Finally, because each condition starts at an equivalent baseline, real differences are likely to be compressed in a longtime window. The growth of pupil diameter over time assumes a functional form, which is conveniently modeled by time-series analysis (Kuchinsky et al. 2013) . It is reasonable to conclude that for very simple procedures such as sentence recognition, not all of these issues would prevent the identification of notable experimental results. However, the analysis presented here provides an approach that can be used to model and examine any functional form of pupillary data, especially in cases where mean and maximum pupil dilation tells only part of the story.
To address some of the limitations of conventional timewindow analysis, growth curve analysis (Mirman et al. 2008 (Mirman et al. , 2014 was applied to the pupil dilation data within the time window from −2000 msec to +500 msec relative to sentence offset. This window was chosen because pupil responses generally remained at baseline until roughly −2000 msec and generally reached a peak around +500 msec relative to stimulus offset. HEARING, VOL. 36, NO. 4, This time window is presumably affected only by the perception of the stimulus and not by the motor planning and execution of the verbal response.
The overall time course of pupil dilation was modeled using orthogonal time polynomials, which are transformations of natural polynomials that make the individual time terms independent. The ultimate analysis used a second-order polynomial, with linear and quadratic components to model slope and acceleration/deceleration, respectively. Higher-order components did not provide a significant improvement to the model fit and were thus not included in the analysis. An illustration of polynomial curve fitting is provided in Supplemental Digital Content 1-3 (http://links.lww.com/EANDH/A176; http://links.lww.com/ EANDH/A177; http://links.lww.com/EANDH/A178).
The statistical model of pupillary responses had a mixedeffects structure, where fixed effects included spectral resolution (number of vocoder channels; within participants) and its interaction with both polynomial time terms. The linear term represents growth of pupil diameter over time, and the quadratic term represents change in the rate of growth. Because these polynomials were orthogonal, the intercept term for each condition represents a time-independent overall effect, similar to "area under the curve." The notable effects, however, were the interactions between condition and polynomial time terms, that is, the growth of pupil dilation over time as a function of condition. The model also included random effects of participant and both time terms. That is, overall levels and rates of pupil dilation were allowed to vary across participants to model individual variability internal to this participant sample that is not generalizable to the independent variables themselves. The lme4 package (Bates et al. 2013) in R (R development core team 2013) was used for the analysis, and p values were estimated using the z distribution as an approximation for the t distribution; degrees of freedom in mixed-effects models are ill defined, so the z approximation is a mechanism that has been used to estimate significance in cases of hierarchical model structure (Mirman 2014) .
Speech intelligibility (accuracy of listeners' responses) was measured as the number of key words (out of five) correctly identified in each sentence. Function words (e.g., a/an/the/for, etc.) did not count toward the performance score, consistent with scoring of these materials on standardized measures (c.f., Killion et al. 2004 ). Hierarchical (mixed-effects) linear modeling was used to model maximum pupil size predicted by fixed effects of intelligibility and condition, with random intercepts for each participant in each condition. This mixed-effects structure is appropriate when measurements are made on clusters of related data points that vary on multiple levels to avoid letting the impact of one level (e.g., condition) be misinterpreted as an effect of another level that is nested within the first (e.g., intelligibility), a la Simpson's paradox (Spellman et al. 2001) .
RESULTS
There was a systematic relationship between the five conditions of spectral resolution and their corresponding pupillary responses, as shown in Figure 1 . Responses from each condition were undifferentiated at stimulus onset and then grew at different rates to reach a local maximum level just after the offset of the stimulus. In all conditions, pupillary responses showed a local decline shortly after the response prompt and then increased dilation at the onset of the verbal response. The relationship between spectral resolution and pupil dilation was maintained even when analyzing only trials where participants correctly repeated the sentences (Fig. 1, right panel) . Figure 2 shows the average mean and maximum pupil dilations across all trials, within the analysis window that included stimulus offset and response prompt (−500 to 2000 msec relative to sentence offset).
The statistical model fit to the data is described in detail in Table 1 . As can be seen in Figure 3 , the model provided an excellent fit to the data in the range between baseline and maximum dilation. For each of the successively poorer-resolution vocoder conditions, there was a significant effect of condition on the intercept term, indicating greater overall pupil dilation. Post hoc testing was performed by changing the default condition comparison, cycling through each of the five conditions. Slope increased as spectral resolution grew poorer; each condition was significantly different from each other condition on the basis of linear time (p < 0.001 for all comparisons). These results suggest that it is not merely the absolute size of pupil dilation that changes with spectral resolution; the rate of pupil dilation also changes significantly. Statistically significant differences for the quadratic term (change in rate) were more 
Speech Intelligibility/Accuracy
Although speech intelligibility was poorer in conditions of degraded spectral resolution, intelligibility by itself was not found to be a significant predictor of maximum pupil dilation (p = 0.16).
In other words, intelligibility was lower in the severely degraded conditions, but there was no further relationship between intelligibility and pupil size apart from that predicted by condition. Even when excluding the fixed effect of condition, the effect of intelligibility still did not reach significance (t = −1.40, p = 0.16). Thus, intelligibility alone did not have an independent significant effect on pupil size separate from the effect of the spectral degradation itself. Figure 4 displays the individual intelligibility scores against measures of maximum pupil dilation across listening conditions. It can be seen that while the intelligibility is lower in the two most degraded conditions, the relationship between intelligibility and pupil dilation within each condition is weak.
EXPERIMENT 1 SUMMARY
Pupil dilation was measured in response to speech processed using a vocoder where the spectral resolution was altered by changing the number of analysis and carrier channels. A systematic relationship was observed between spectral resolution and pupillary response, suggesting that spectrally degraded signals demanded more listening effort. Within each vocoder condition, pupil dilation was not correlated with sentence key word intelligibility, suggesting that intelligibility scores alone are not sufficient to predict listening effort. Furthermore, even when restricting analysis to trials in which listeners correctly reported the sentences, the effect of spectral resolution still emerged, suggesting that listeners can exert different amounts of effort when listening to speech even if their scores remain at 100%.
EXPERIMENT 2
Experiment 2 was designed specifically to better understand spectral degradation that results from CI stimulation. Accordingly, the style of vocoder was changed to explicitly control factors that hypothetically mimic the degradations that arise from the implant processor and electrode array. The vocoder that was used in Experiment 1 is commonly found in experiments aimed at understanding the limitations related to speech perception by CI listeners; generally, the number of channels in a noise vocoder can be altered until performance by NH listeners is roughly equal to that of CI listeners. In spite of the popularity of this approach (including its use by the current authors in numerous previous studies), there are a number of limitations that weaken its appeal as a realistic "CI simulation" for the purposes of this study, where the intent is not to simply equate intelligibility but to specifically model the mechanism and consequence of spectral degradation that CI listeners experience. For example, the actual frequency analysis filters in a CI speech processor can be dramatically different from those found in a channel vocoder, meaning that the channel-specific envelope information in a channel vocoder does not replicate the envelope information that would be represented by a CI. More importantly, it might be the case that the focus on number of channels distracts from another known problem, that of channel interaction, which arguably describes CI spectral degradation more appropriately. CI devices available to patients are limited to a few types, with a restricted set of options for "number" of electrode channels. However, measurements of spectral resolution vary greatly (Chatterjee & Shannon 1998; Cohen et al. 2003; Saoji et al. 2009; Bierer et al. 2010; Anderson et al. 2011 ). This variability in spectral resolution cannot be explained merely by number of physical electrodes available in the CI devices and is likely related more to the "effective" number of channels, which is affected by the degree of interaction between channels (Boëx et al. 2003; Jones et al. 2013) .
A major factor contributing to channel interaction in CIs is the predominant use of monopolar stimulation mode, which, in the context of highly conductive perilymphatic fluid surrounding the implant array, creates broad electrical fields that stimulate poorly specified regions of the cochlea (Chatterjee & Shannon 1998; Boëx et al. 2003; Abbas et al. 2004; Zhu et al. 2012 ). Electrode interaction is shown to relate to the ability of a CI user to resolve spectral peaks represented by the electrode array (Jones et al. 2013 ) and is thus understandably linked with speech recognition performance in CI listeners (Stickney et al. 2006 , but see Anderson et al. 2011 for a discussion of how this trend sometimes does not hold).
The approach taken in Experiment 2 is to not simply approximate the number of recovered spectral channels in a CI but to approximate the mechanism by which the spectral information is degraded. Consistent with Fu and Nogaki (2005) and Litvak et al. (2007) , the carrier/synthesis filters of each channel were systematically varied in width to be more or less frequency specific while the front-end "CI processing" (i.e., the number of analysis and carrier channels and channel-selection strategy) remained constant, as it does across many CI listeners. Steeplysloping filters had more spectral specificity, while shallower filters were wider and more likely to create distortion via channel overlap and thus simulating spread of neural excitation in the implanted cochlea (Bingabr et al. 2008) . Using this approach, the "effective" number channels recovered is driven primarily by the interactions between channels rather than the explicit number of frequency analysis channels. Another important difference between conventional channel vocoders and the CI-simulation vocoder in Experiment 2 was the use of a channel peak-picking strategy. The most commonly used speech processing strategy for CI listeners in North America is the Advanced Combination Encoder (ACE) strategy, used in the Cochlear Nucleus family of devices. At manufacturer default settings, the ACE strategy delivers 8 peaks out of a possible 22 analysis channels for each analysis time window. This differs from conventional channel vocoders, where all analysis filters are represented in the carrier channels. By using a channel peak-picking strategy (i.e., n-of-m strategy) combined with systematic simulations of current spread, this experiment aimed to simulate not only the performance of CI listeners but also a specific factor mediating that performance in the context of a commonly used device. This vocoder will henceforth be referred to as a "CI-style" vocoder.
MATERIALS AND METHODS
Participants
Eighteen young adults with NH (age range, 18-34 years) participated in Experiment 2. The recruitment and selection criteria were the same as for Experiment 1, but no listeners in Experiment 1 participated in Experiment 2.
Stimuli and Processing
Stimuli consisted of the same basic sentence materials used in Experiment 1 but with a different vocoding technique. To use a peak-picking vocoder that approximates the ACE processing strategy, the software Praat (Boersma & Weenink 2013 ) was used to explicitly control various parameters of analysis and stimulation, including channel corner frequencies and rolling time windows. Out of 22 analysis channels, 8 carrier channels were activated for each time bin, consistent with the most common settings for CI clinical fitting. To select the 8 channels, the signal was first pre-emphasized to roughly flatten the spectral envelope from the standard −6 dB/octave to roughly 0 dB/ octave. The intensity of each channel within each time bin was calculated, and the 8 channels with the highest intensity were retained while others were discarded. Each time bin was 30 msec and overlapped with adjacent time bins by 50% of its total duration. Carrier channels were noise bands shaped by 21-, 16-, 11-, and 7-dB/octave filters, representing best to poorest resolution. These parameter levels were chosen to approximate the level of difficulty encountered across the conditions in Experiment 1, following informal pilot listening.
Procedure
The procedure for Experiment 2 was exactly the same as for Experiment 1.
Analysis
Analysis for Experiment 2 was exactly the same as for Experiment 1.
RESULTS
As in Experiment 1, there was a clear relationship between spectral resolution and pupil dilation (Fig. 5) . As vocoder channel width grew wider/more degraded, pupil dilation grew larger. When analyzing only trials with correct responses (Fig. 5 , right panel), the effect of spectral resolution persisted, and the most difficult condition no longer elicited elevated pupil dilation during the time corresponding to the verbal response. Figure 6 shows the average mean and maximum pupil dilations across all trials, within the analysis window that included stimulus offset and response prompt.
Statistical analysis for pupil dilation data in Experiment 2 was exactly the same as for Experiment 1, with conditions defined by channel width instead of number of channels. Results demonstrated a systematic relationship between condition and pupil dilation over time (Figs. 5 and 6 ). The statistical model (Table 2) provided an excellent fit to the data (Fig. 7) ; for each of the successively poorer-resolution vocoder conditions, there was a significant effect of condition on the intercept term, indicating greater overall pupil dilation. Post hoc testing was performed by changing the default condition comparison, cycling through each of the five conditions. Those comparisons revealed significant differences between each pair of conditions on the basis of linear time (slope; all p < 0.001); slope increased as spectral resolution grew poorer. Statistical differences for the quadratic term only arose in a small number of condition comparisons. Table 2 contains a detailed explanation of the statistical model and summary output. Trends in Experiment 2 were weaker than those in the first experiment, likely because of the similarity of pupillary responses in the easiest three vocoder conditions (excluding the normal speech condition) in Experiment 2, which were less differentiated than those for the corresponding levels in Experiment 1.
Speech Intelligibility/Accuracy
Results were analyzed the same as for Experiment 1. Figure 8 shows the average speech intelligibility performance for each listener plotted against maximum pupil dilation (averaged across trials) in each condition. Again, intelligibility was not found to be an independent predictor of maximum pupil size; significance (p) values of 0.49, 0.51, 0.43, 0.45, and 0.50 were obtained for each successively degraded condition. Using a model without a separate fixed effect of condition, the effect of intelligibility still did not reach significance (t = −1.40, p = 0.16).
DISCUSSION
Listening effort is an everyday challenge for many people with HI and is garnering increased attention in the scientific literature. Pupillary measures offer a window into cognitive load during auditory tasks, with fine granularity and strong sensitivity. The present study suggests that spectral resolution is systematically related to listening effort. As spectral resolution was progressively degraded, listeners' pupil dilation progressively grew larger and at faster rates, indicating greater effort exerted during speech perception when signals were degraded. The same effect emerged whether spectral resolution was controlled via a conventional channel vocoder or a vocoder designed to more realistically replicate some aspects of CI processing and electrical current spread. Furthermore, listeners showed differences in pupil dilation even when analysis was restricted to trials in which all stimuli were identified correctly. That is, there were systematic differences in effort that emerged even when performance on the intelligibility task was perfect (Figs. 1 and 5 ).
There are a number of methodological factors that affect pupil dilation in listening tasks. Listeners in the present study were prompted to repeat sentence stimuli more quickly than that done by the listeners in the studies by Zekveld et al. (2010) , who observed relatively smaller pupil dilation. Larger pupillary responses might have been observed in the present study because # random error r(subject-level slope and acceleration) # random error Formula code: PupilDilation ~ (time1 + time2) + Filter + time1:Filter + time2:Filter + (1 | Subject) + (time1 + time2 | Subject) 
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listeners were prompted to respond more quickly. Such a factor is suggested by the direct comparison of pupillary responses for unprocessed speech in quiet in the present study (where dilation reached a maximum of roughly 0.25 mm, collected after a 1.5-sec stimulus-to-prompt delay) and measurements obtained by Zekveld and Kramer (2014) for similar speech quality, which were much smaller (0.07 mm, collected during a 3-sec stimulusto-prompt delay). Further research could determine the precise relationship between stimulus response prompt timing and the cognitive pupillary response. To reach comparable intelligibility levels with spectrally degraded speech in quiet, listeners in the present study demonstrated relatively greater pupil dilation than that observed for noise-masked speech as measured by Zekveld et al. (2010) , but less than that observed by Zekveld and Kramer (2014) . measured pupil dilation in response to a prompt 4.75 sec after stimulus onset, whereas the present study measured relative to stimulus offset. Additionally, in their 2014 study, Zekveld et al. interleaved trials of different degradation types, such that vocoded sentences could be preceded and followed by sentences in quiet, sentences in noise, or silent trials. The resulting uncertainty might have added to the relatively greater pupil size observed in that study. Beatty (1982) aggregated data from a wide variety of studies that used pupillometry as an index of cognitive load, permitting intertask comparison of listening effort. In that review, and in the present study, pupillary responses all fell within the same general range of 0 to 0.6 mm. Qualitatively different tasks such as memory, sentence disambiguation, and mental arithmetic all exhibit an orderly relationship between cognitive load and pupillary response within this restricted range of values, providing a common metric for comparison across experiments. Figure 9 displays the mean values for maximum pupil dilation in all conditions of the present study along with those of several other qualitatively different cognitive tasks and speech recognition tasks from prior literature. Despite technological advances in eye-tracking equipment as well as methodological differences and differences in scientific goals, the range of values across these studies is notably constrained. Juxtaposition of these data permits some rough estimations of the exchange rate between spectral resolution and processing load in other cognitive domains. For example, the maximum pupillary response when listening to sentences through an 8-channel vocoder was similar to that while memorizing a string of six digits or experiencing low-intensity pain. The pupillary response to the 7-dB/ octave CI-style vocoder is similar to that from doing hard mental multiplication (e.g., 14 × 23), while listening to the easier 21-dB/octave CI-style vocoder is more like performing easy multiplication (e.g., 5 × 6). Although these comparisons are peculiar in nature, they are potentially useful for recognizing that effort can be understood as a common outcome that arises from many different demands; for the purposes of explaining the effects of signal degradation to patients, translation into other more familiar domains can indeed be informative.
In addition to the methodological differences highlighted above, there are multiple factors that play a role in pupil dilation, which might affect the results displayed in Figure 9 . For example, differences in the pupillary response due to affective processing (Partala & Surakka 2003) could contribute to the magnitude of responses across studies that use different materials or studies that involve stress-inducing activities. & HEARING, VOL. 36, NO. 4, Complexity of stimulus materials can also play a role in pupil size (Just & Carpenter 1993) . Pupillary responses are known to become smaller with age (Winn et al. 1994) , which can affect direct comparisons between subject groups. Pupillary responses change throughout the hormonal cycle, which is an effect that is modulated by the use of contraceptives (Laeng & Falkenberg 2007) . Perhaps most importantly, the pupillary response to sound stimuli can be modulated by selective attention (Beatty 1982) and perceived self-efficacy (Hutchinson et al. 2008) , implying that participants' engagement with the experimental control should be a noteworthy methodological consideration. Pupillary responses are time-series data and are therefore by definition multilevel, functional data (e.g., data that take the form of a polynomial function consisting of linear, quadratic, and cubic components); each successive data point is related to samples before and after it. Although analysis techniques that identify differences in mean dilation within a specified window are clear and straightforward, they do not account for the timevarying morphology of the pupillary response and potentially violate assumptions of independence that underlie many statistical analyses. Following the approach of Kuchinsky et al. (2013) , growth curve analysis in the present study addressed both of these issues and revealed that spectral degradation affected not only the mean and maximum pupil dilation but also the shape of growth of pupil dilation over time. In the end, it is likely that for this study and similar studies, a simpler analysis of mean and maximum pupil dilation would have been sufficient to identify differences across conditions. However, toward the goal of establishing the most powerful and most valid measurement technique that holds potential for identifying trends more complex than those found in this study, a move toward functional data analysis is desirable.
The relationship between spectral resolution and listening effort in this study was not captured by intelligibility scores alone. For all but the most difficult condition in each experiment, intelligibility scores were at or near 100%, minimizing any potential relationship between intelligibility and pupil dilation. Such high scores for audiology patients would likely be considered unremarkable, and the effort expended to achieve them would consequently be overlooked by traditional analyses of intelligibility. A typical solution to this "problem" would be to create more challenging listening conditions (e.g., adding masking noise) that would prevent ceiling effects. There are two potential problems in such an approach. First, the experimenter could be interested in effects that actually exist among the "easy" conditions for which intelligibility is not a sensitiveenough metric. Second, perception of speech in noise could rely on auditory abilities that are entirely separate from listening in quiet (e.g., auditory stream segregation, recruitment of pitch/ harmonicity cues for auditory object formation, which likely play a role for speech in noise to a greater extent than for speech in quiet). Redesigning the experimental listening condition because of the limitations of the measurement tool (intelligibility) is less appealing than choosing a different measurement tool that is sensitive to differences that were previously unresolved.
During these experiments, there was both a listening and a speaking component. Pupil dilation during the spoken response in trials with correct responses were nearly indistinguishable Maximum pupil dilation (mm) Fig. 9 . Maximum pupil size elicited by various tasks. The first two columns show data from the present study. Digit span memory data aggregated by Beatty (1982) are from Ahern (1978) , Kahneman and Beatty (1966) , Kahneman et al. (1968), and Peavler (1974) . Masked sentence intelligibility scores for young normal-hearing listeners for 50, 71, and 84% are from Zekveld et al. (2010) , and 29% is from Zekveld et al. (2013) . Data for different masker types to elicit 50% sentence recognition thresholds (SRT) are from Koelewijn et al. (2012) . Data for mental multiplication are from Ahern and Beatty (1979) . Data for pain are from Höfle et al. (2008) . CI indicates cochlear implant. e163 across conditions, suggesting that spectral degradation affected the perception of stimuli and preparation of responses, but not the actual production of speech. When analyzing trials that included incorrect responses, the elevated pupil dilation observed in the most difficult conditions persisted through to the time allocated to the verbal response, unlike the pattern seen for the correct trials. Thus, it is possible that listeners drew upon cognitive resources for a longer time to form a response when the stimulus was too impoverished to be easily recognized.
Evidence for the relationship between spectral resolution and listening effort was previously indicated by Pals et al. (2013) , who varied the number of channels in a noise vocoder and measured listening effort as interference in performance of a secondary task. Although listening effort decreased as the number of channels was increased from two to eight in 2-channel increments, no effect was identified for resolution better than 8 channels. In the present study, significant differences were found for two different resolutions better than 8 channels (including 12, 16, and 24 channels), suggesting that pupillometry might be a more sensitive measure of the impact of spectral resolution on listening effort than the dual-task paradigm. In the present study, even for the vocoded conditions with the best resolution in both experiments (32 channels/21-dB/octave slope), pupil size was significantly different than in the normal speech condition. Although the effect was modest, it should be considered that this was a short experiment; the long-term impact of increased difficulty could potentially accumulate and become problematic for a person with HI. Furthermore, impoverished auditory input could potentially have cumulative adverse consequences on conceptual/semantic integration as is the case for impoverished visual input and its effects on reading (Gao et al. 2011) .
Pupillometry and dual-task paradigms can both lead to similar conclusions (cf. Kahneman et al. 1967 ), but each offer advantages and disadvantages. While pupillometric measures are a well-established physiological index of cognitive load, dual-task paradigms are considerably more likely to be adopted by clinicians who do not have access to eye-tracking equipment. Furthermore, even when eye-tracking hardware is available, it can be unwieldy and demand complicated data processing that delays interpretation. However, dual-task experiments can be performed with basic computer software and thus are more readily accessible by a greater population of scientists and researchers. It is conceivable, however, that the ability to multitask might interact with the primary measured ability (speech perception) in undesirable ways; a poor ability to multitask might give the same results as the experience of elevated listening effort. It is likely the case that the variability across individuals in terms of the ability to multitask compounds the variability in the primary auditory abilities and the susceptibility to cognitive demands. In line with this speculation, Recarte et al. (2008) suggested that measures of effort in dual-task situations reflect the total amount of effort spent for both tasks, rather than the effort involved solely in the primary task (i.e., the speech task). To support this notion, they observed that the correlation between task load and pupil size was weakened with the addition of a secondary task, presumably because the measured cognitive load was no longer driven by a single factor. Assuming that the primary task is the sole interest to the researcher, this is a disadvantage that does not affect single-task pupillometric measures.
It is worthwhile to consider the aspects of CI listening that were not simulated by our stimuli. Devices manufactured by the Med-El and Advanced Bionics corporations are not well simulated by our approach because they offer a different number of channels, electrode spacing, input frequency analysis range, and processing strategies. However, the channel-filtering vocoder in Experiment 2 is akin to the types of current focusing approaches used by Srinivasan (2010) and Landsberger et al. (2012) . There was no attempt in this study to simulate pulsatile stimulation, staggered channel selection, and the nearly ubiquitous upward shifting of all frequency energy (cf. Başkent & Shannon 2005) . We also did not simulate properties of electrical loudness growth (Chatterjee 1999) , limited dynamic range (Stafford et al. 2013 ), place-frequency nonmonotonicity (Donaldson & Nelson 2000) , inconsistent electrode-neuron interface, and atrophy of cells in the cochlea and spiral ganglion (Nadol 1997) .
Having established that spectral resolution has a systematic effect on pupil dilation, the method used by the present study could be applied to situations in which different processing strategies for CIs could be compared with regard to their ability to provide better spectral resolution. More generally, this approach could be used to capture reports of benefit or detriment in situations where changes in intelligibility scores are negligible. Such situations have been reported in the CI population for situations such as the use of foveated frequency-electrode allocation (Fourakis et al. 2004) , self-selected frequency-electrode allocation (Jethanamest et al. 2010; Fitzgerald et al. 2013) , the use of current focusing (Mens & Berenstein 2005; Bierer 2007 ) and, for some patients, the use of a second CI (Litovsky et al. 2006; Summerfield et al. 2006; Wackym et al. 2007 ). Most importantly, the anecdotal reports of clinicians and their patients can now be better served by experimental approaches that are aimed at revealing what traditional tests sometimes fail to capture.
